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SUMMARY
The multifunctional calcium-calmodulin dependent protein kinase II, CaMKII, has been shown to regulate chloride movement and cellular function in both excitable and non-excitable cells. We show that the plasma membrane expression of a member of the ClC family of Cl -channels, human CLC-3 (hCLC-3), a 90kD protein, is regulated by CaMKII. We cloned the full- 
INTRODUCTION
Gating of the chloride channel, CLC-3, which is expressed in brain and chloride (Cl  -) secretory epithelial tissues has remained controversial since its initial identification and characterization (1) . The 760 amino acid protein encoded by the ClC-3 gene was originally cloned from rat kidney and showed abundant expression in rat brain, most notably in the olfactory bulb, hippocampus, and cerebellum (1) . When expressed in a stably transfected cell line, the rat kidney isoform of the channel showed basal activation, inhibition by phorbol esters, and Ca 2+ sensitivity (2) . Duan and colleagues characterized the functional expression of a cardiac clone of guinea pig ClC-3, which when expressed in NIH/3T3 cells resulted in a large basally active Cl -conductance that was activated by an increase in cell volume, inhibited by phorbol esters and exhibited biophysical properties at the single channel level identical to the swelling activated current in native cardiac myocytes (3, 4) . Shimada and collegues examined rat hepatocytes for ClC-3 expression and found that mRNA for two different isoforms was present (5); a short form corresponding to the guinea pig clone, and a long form containing a putative 58 amino acid addition at the N-terminus of the protein. Both isoforms gave rise to current expression with identical selectivity when transiently expressed in CHO-K1 cells; however, they differed in the degree of outward rectification and voltage-dependent inactivation (5) . Adding a further dimension to the controversy, Friedrich and colleagues report in a mutational analysis of ClC-4 and ClC-5 that they were unable to detect currents upon ClC-3 expression in Xenopus oocytes or in transfected HEK293 cells (6) .
4
smaller than wild type litter mates, they nonetheless remained viable for approximately one year.
Among the most dramatic effects which Stobrawa and colleagues demonstrated in the Clcn3-/-knockout mice were the nearly complete developmental loss of the hippocampus after birth as well as the complete loss of photoreceptors (7) . The loss of both the hippocampus and photoreceptors was attributed to inadequate acidification of synaptic vesicles. Defects observed in the ClC-3 deficient mice lead Stobrawa and colleagues to hypothesize that CLC-3 acts as an anion shunt pathway which maintains charge balance for the proton pump which acidifies the vesicle interior prior to membrane fusion (7) . The finding that CLC-3 is an intracellular chloride channel expressed in both synaptic as well as endosomal vesicles suggests that it may be in dynamic equilibrium with the plasma membrane at a level which is dependent upon vesicular cycling in the various tissues in which it is expressed. Hence, expression of CLC-3 at surface sites will depend upon a balance between vesicle fusion with the plasma membrane and membrane retrieval. 
Regulated
MATERIALS AND METHODS
Cloning and expression of hClC-3
Full-length hClC-3 was cloned from a human colonic tumor cell line T84 by RT-PCR using SuperScript Preamplification System (Life Technologies, MD). PCR primers (sense strand, TTG CTA TGT CTC TGA GCT GC; antisense strand, AAG TAG ATG ACT CCC TCA GG) were derived from the hClC-3 gene cloned from a human retina cDNA library by Borsani et al. (19) . The PCR product was subcloned into pCR2. corresponds to I770 (ATC) in the T84 clone. In order to confirm the differences, we independently cloned the full-length hClC-3 from tsA. The resultant sequence was consistent with the hClC-3 cloned from T84 cells (GenBank AF172729).
The full-length hClC-3 was subcloned into the pcDNA3.1zeo + vector (Invitrogen, CA) and transfected into tsA cells using SuperFect reagent (Qiagen, CA). Stably transfected clonal cell lines were selected using zeocin (Invitrogen, CA) at 400 JPODQGPDLQWDLQHGDWJPO
The expression of hCLC-3 was detected by immunoblot analysis, and the homogenicity of the clone used in this study was confirmed approximately 80% by immunostaining with hCLC-3 specific antibodies.
Site-directed mutagenesis and expression of mutant hClC-3
The glycine at position 280 was mutated to a glutamic acid (G280E) using the 
Antibody production
Antibodies were produced and affinity purified commercially by Quality Controlled Biochemical (Hopkinton, MA). Two synthetic peptides coupled to Keyhole limpet hemocyanin were used to raise antibodies against hCLC-3 in rabbits. The peptides corresponded to amino acids 59-74 plus an additional cysteine (MTNGGSINSSTHLLDLC) and to amino acids 730-744
with an additional alanine and glutamic acid (GSSRVCFAQHTPSLPAE) in the C-terminus.
$IWHUDVHFRQGERRVW.-hCLC-3 serum was affinity purified using peptide coupled to thiol-or amino-OLQNHGJHOV7KHVWRFNFRQFHQWUDWLRQZDVPJPOIRU. 7RWDOSURWHLQJZDVUHVROYHGE\6'6-PAGE and transferred to PVDF membrane. 
Electrophysiological studies
Whole-cell voltage clamp
Whole-cell patch clamp experiments were performed on both T84 and hClC-3 transfected tsA cells. All electrophysiological methods were similar to those described earlier (11,12).
Currents were elicited during a series of test pulses from -110 to +110 mV in 10 mV increments Dialysis Units, 7000 MWCO (Pierce, IL). The autonomous CaMKII was prepared as previously described (9) . The autonomous, autophosphorylated kinase was introduced into the cell via the SLSHWWHVROXWLRQ$0VWRFNVROXWLRQRIWKH&D0.,,-specific inhibitor AIP (21, 22) 
in water
ZDVGLOXWHGWR0ZLWKSLSHWWHVROXWLRQ%LRPRO5HVearch Laboratories, Inc., PA). The catalytic subunit of PKA (Promega, WI) was diluted to 75 U/ml with pipette solution.
Capacitance measurements
Whole-cell capacitance recordings were obtained using an EPC-9 computer controlled patch clamp amplifier (HEKA Electronik, Lambrecht, Germany) running PULSE software (HEKA). The EPC-9 includes a built-in data acquisition interface (ITC-16, Instrutech, NY).
The software package controlled the stimulus and data acquisition for the software lock-in amplifier in the "sine + dc" mode as described by Gillis (23) . The temporal resolution of the 11 capacitance data was 40 msec per point using a 1 kHz, 20 mV sine wave. The holding potential in the capacitance experiments was -10 mV.
All experiments were performed at room temperature. Data are expressed as means ± SEM with the number of experiments in parentheses. The statistical significance of the results was assessed using Student's t-test analysis.
RESULTS
Expression of recombinant and endogenous hClC-3
The full-length hClC-3 was cloned from the human colonic tumor cell line T84 using RT-PCR. The putative hCLC-3 protein is 818 amino acid residues in length sharing 92% identity with the long form ClC-3 cloned from rat hepatocytes (5). The 58 residues at the N-terminus are absent from guinea pig ClC-3 characterized by Duan et al. (3) . The remaining 760 amino acid sequence shows 90% identity with both guinea pig and rat short form ClC-3. Analysis of the putative hCLC-3 amino acid sequence using CBS prediction servers (Center for Biological Sequence Analysis, Department of Biotechnology, The Technical University of Denmark) resulted in three putative CaMKII consensus sequences in hCLC-3 located at S109, S420, T713.
We generated two polyclonal antibodies directed against peptides corresponding to the N-.-hCLC-3 59-74 ) or C-WHUPLQDO.-hCLC-3 730-744 ) sequences of hCLC-3. The specificity of the antibodies was verified by immunoblotting whole cell lysates obtained from HEK 293 stable cell lines expressing hClC-1, rClC-2, and hClC-4 (Fig. 1A) . The corresponding predicted molecular weight for each of the chloride channel proteins was 107, 100, and 82 kD, respectively. The affinity-purified antibodies were used to evaluate expression of recombinant 12 hClC-3 in stably transfected tsA cells. Both antibodies detected a protein band from whole cell lysates with a molecular weight range from 90 to 120 kD (Fig. 1A) . A single molecular weight band of approximately 90kD was obtained from the same whole cell lysates digested with Nglycanase, which was consistent with the predicted mass for hCLC-3 of 88 kD. The 90-120 kD band was observed in the total membrane fraction, but absent from the cytosolic fraction.
Given that CLC-3 has been localized to intracellular vesicles in cells from the central nervous system (7), we carried out experiments to determine whether hCLC-3 was also expressed at the cell surface. Cells stably transfected with hCLC-3 were surface biotinylated, To determine protein localization in native, fluid-secreting tissues, the brush border and basolateral fractions of rat ileal and colonic as well as ovine tracheal epithelium were isolated by differential centrifugation. Membrane protein was resolved by 7.5% SDS-PAGE, and
LPPXQREORWWHGZLWK.-hCLC-3 [730] [731] [732] [733] [734] [735] [736] [737] [738] [739] [740] [741] [742] [743] [744] antibody. An apparent molecular weight range from 90 to 13 difference in apparent molecular weight for CLC-3 is consistent with Western analysis of membrane proteins from mice (7). Tracheal CLC-3 revealed a high molecular weight band of greater than 120kD indicating an elevated level of glycosylation. CLC-3 detected in gastrointestinal tissue was characterized by a predominant molecular weight of 90 kD, which did not shift after deglycosylation (Fig. 3B) .
Regulation of surface expression
Regulation of the subcellular distribution of CLC-3 was studied in T84 and the stably transfected tsA cells using confocal microscopy. Increases in the level of intracellular Ca (Fig. 6B) . The chloride FKDQQHOEORFNHU','60LQKLELWHGLQZDUGDQGRXWZDUG, Cl, CaMKII (74% ± 7% at 110 mV and 65% ± 16% at -110mV, n = 4, p > 0.05) .
In order to confirm that the CaMKII mediated current activation was specific, a series of control experiments were performed and are summarized in Fig 6D . In order to determine whether hCLC-3 was expressed as a functional channel and not a regulatory subunit which mediated activation of an endogenous channel, we introduced a mutation in the hClC-3 cDNA that encodes a glutamic acid at position 280 for a glycine (G280E) in a region which is evolutionarily conserved across the ClC channel family. The relative anion permeability of I Cl,CaMKII was determined for both wild type and mutant hClC-3 transfected tsA cells as given in Table 1 . In these experiments, all of the extracellular Cl -was replaced by either I -or Br -. Cells were returned to a Cl -containing solution between each halide exchange to insure stability of the Cl -reversal potential relative to the other permeant halide anions. The I-V relationship for each anion was determined (Fig. 7) . The relative selectivity sequence for I Cl,CaMKII derived from reversal potential measurements and calculated using the GoldmanHodgkin-Katz equation was I ->Br -> Cl -for wild type hClC-3, and Cl -> Br -> I -for the G280E mutant. In addition to the reversal of the I -to Cl -permeability ratio, the G280 E mutant showed a slight decrease in outward rectification as can be seen in the averaged I-V data from the 6 cells examined.
CaMKII-stimulated Cl current does not require increased surface expression of hCLC-
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tsA cells. In these experiments we examined the question of whether cytoplasmic vesicular fusion accompanied a membrane conductance (G) increase in the presence of the autonomous kinase. Representative data from these studies are plotted and summarized in Fig. 8 . We observed a significant increase in G Cl,CaMKII in the presence of autonomous CaMKII (22.4 ± 2.9 nS, n = 4) over that obtained in the absence of the kinase (0.3 ± 0.1 nS, n = 4). Small and inconsistent changes in membrane capacitance were observed in both cases and were not correlated with membrane conductance changes. These experiments allowed us to conclude that a vesicular fusion step was not required for conductance activation in the tsA cells. These experiments do not rule out the possibility that vesicle fusion could contribute to a conductance change in the presence of the autonomous kinase in other secretory cells expressing CLC-3.
The hClC-3 gene does not code for the swelling-activated Cl conductance
In order to determine whether hCLC-3 is also activated by increases in cell volume, we compared Cl -current activation in the vector transfected to that of hClC-3 transfected tsA cells.
In the presence of 50% hypotonic extracellular solution, the resultant current was outwardly rectifying (Fig. 9A) . The predicted Cl -reversal potential in the hypotonic solution was -14 mV and the experimentally observed potential was approximately -14 mV demonstrating that the swelling-activated current was Cl -selective. The mean current density of both the basal and swelling-activated current measured from the vector transfected cells (82.6 ± 16.9 pA/pF, n=9)
was not significantly different from currents recorded from the hClC-3 stably transfected tsA cells (78.5 ± 8.1 pA/pF, n=13) as summarized in Fig.9B .
Anti-CLC-3 730-744 inhibits endogenous I Cl, CaMKII but leaves I Cl,swell intact
We introduced each of two hCLC-3 antibodies into either the hClC-3 transfected tsA or T84 cells to examine the changes in both CaMKII and swelling-activated Cl -current (Fig. 10A) .
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,QWKHSUHVHQFHRI.-hCLC-3 59-74 , I Cl, CaMKII recorded from tsA cells that express recombinant hClC-3 did not differ in current density (69.7 ± 21.2 pA/pF, n=5) as compared to controls (75.7 ± 9.0 pA/pF, n=31). However, the presencHRI.-hCLC-3 730-744 in the pipette solution completely inhibited current activation by the kinase (10.9 ± 6.5 pA/pF, n=6) (P<0.05). The swellingactivated anion current was not inhibited by either antibody. The same results were also obtained from T84 cells that express endogenous hCLC-3.
To determine whether the inhibition of the CaMKII-GHSHQGHQWFXUUHQWDFWLYDWLRQE\.-hCLC-3 730-744 was via direct interaction of the antibody and the enzyme, the in vitro interaction between the two was evaluated. In the presence of Ca .-hCLC-3 730-744 did not inhibit kinase activity, as determined by autophosphorylation activity (Fig. 10B ). These data demonstrate that the antibody-induced inhibition is not through its direct interaction with the kinase. has been identified as a candidate volume-regulated Cl -channel (3, 4) . The volume-regulated Cl -conductance (I Cl, swell ) associated with gpClC-3 expression is characterized by large basal activity under isotonic conditions and sensitivity to PKC, properties which are not shared by the endogenous human, bovine, and rat volume-regulated outwardly rectifying Cl -conductance (24) .
That the human isoform of CLC-3 differs from the rat and guinea pig isoform by the addition of 58 amino acids in the N-terminal domain suggested to us that it may be associated with a different functional phenotype. Recently, Shimada and colleagues (5) have shown that rat ClC-3 is expressed as two distinct isoforms one corresponding to the gpClC-3 and one corresponding to the hClC-3 which we report here. They were able to confirm that both isoforms express functional Cl -channels differing in their outward rectification and presence of inactivation at more depolarized potentials. Recent studies from Strowbrawa and colleagues demonstate that CLC-3 is expressed in neuronal endosomal and synaptic vesicular compartments where it serves as an anion shunt for the V-type H + ATPase during vesicular acidification (7).
Previous studies on the characterization of the CaMKII-activated anion conductance carried out in our laboratory as well as others have shown that I Cl, CaMKII is outwardly rectifying (8, 11, 12, (14) (15) (16) 25 )LVLQKLELWHGLQWKHSUHVHQFHRIM DIDS (16, 25) and has a P I /P Cl ratio greater than 1 in airway cells (25,26) and human macrophages (16) . In this paper, we have cloned and expressed the human isoform of the ClC-3 gene and shown that its properties are identical to the endogenous I Cl,CaMKII in cells of both airway and gastrointestinal origin.
Introduction of autonomous CaMKII into hClC-3 stably transfected tsA cells gave rise to an outwardly rectifying Cl -current. The percentage of cells responsive to CaMKII (78%) was comparable to the positive immunostaining in the hClC-3 stably transfected tsA cells (80%).
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The CaMKII dependent anion current was absent in vector transfected tsA cells, and was blocked by the CaMKII specific inhibitor, AIP. The relative lyotropic anion permeability (P X /P Cl ) of wild type hClC-3 was I ->Br -> Cl -and is consistent with previous reports of I Cl, CaMKII from different laboratories (3, 16, (25) (26) (27) . To confirm that I Cl, CaMKII is directly mediated by hCLC-3 and not due to activation of an ion channel endogenous to tsA cells, a mutation in hCLC-3 (G280E) was made and transiently expressed in tsA cells. The relative anion permeability for the G280E mutant was changed to Cl ->Br -> I -, supporting the hypothesis that the human isoform of ClC-3 codes for a CaMKII-activated conductance.
Extended mutational analysis of residues within the region of G230 in CLC-1 allowed
Fahlke and colleagues to identify a putative pore region located at the C-terminal side of transmembrane segment D3. This region, designated P1, contains a sequence motif (GKXGPXXH) that is evolutionarily conserved across the voltage gated ClC channel family (27) . Interestingly, the G230E mutation in CLC-1 enhances channel permeability to cations and changes the relative anion permeability from Cl -> Br -> I -to I -> Cl -> Br - (27) . The homologous mutation in hClC-3, while reversing the relative I -to Cl -permeability, does so in the opposite direction. This indicates that residue G280 is likely to lie within the anion-selective conduction pathway; however, there exists a fundamental difference in the physical properties between the pores of the two ClC isoforms. Our results suggest that the activation of hCLC-3 is not mediated by cell volume changes, rather it is CaMKII-dependent. However, the molecular pathway leading to I Cl, CaMKII activation remains unclear. One hypothesis is that CaMKII phosphorylation gates the channel directly or indirectly though associated regulatory subunits. Alternatively, a second hypothesis is that CaMKII-dependent phosphorylation may increase granule fusion, either though facilitation of the movement of channels from a docked granular compartment to the plasma membrane, or 22 though the translocation of cytoplasmic granules containing hCLC-3 protein to the surface sites.
The later hypothesis was not supported by our capacitance measurements. However, our experiments do not exclude the involvement of regulatory molecules in the activation of I Cl, CaMKII .
CLC-3 has a broad tissue distribution in the body suggesting an important physiological role. Kawasaki et al. reported high levels of CLC-3 expression in rat brain (1, 19) . The cellular and physiological importance of CLC-3 in the central nervous system is underscored in the Clcn3-/-knockout mice which showed a selective degeneration of the hippocampus as well as photoreceptor loss (7). In this study we have shown that there is significant expression of hCLC- Relative anion permeability through CaMKII-stimulated channels was determined in tsA cells expressing wild type hClC-3 and tsA cells transiently expressing the hClC-3 G280E mutation.
Data are mean ± SEM of values calculated from currents in CaMKII-stimulated individual cells
Number of cells is indicated in parentheses. During stimulation, the extracellular (bath) solution was changed from a Cl -solution to one containing each of the indicated anions. Permeability ratios P x /P Cl , where X is I -or Br
